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Historical Data Reveal 30-Year
Persistence of Benthic Fauna
Associations in Heavily Modi ed
Waterbody

Ruth Callaway *

College of Science, Department of Biosciences, Swansea Ungrsity, Wales, UK

Baseline surveys form the cornerstone of coastal impact sdies where altered
conditions, for example through new infrastructure develpment, are assessed against a
temporal reference state. They are snapshots taken beforeanstruction. Due to scarcity
of relevant data prior to baseline surveys long-term trendsan often not be taken into
account. Particularly in heavily modi ed waterbodies thisvould however be desirable
to control for changes in anthropogenic use over time as welas natural ecological
variation. Here, the benthic environment of an industrizlkd embayment was investigated
(Swansea Bay, Wales, UK) where it is proposed to build a tidilgoon that would generate
marine renewable energy from the tidal range. Since robusbhg-term baseline data
was not available, the value of unpublished historical behbs information from 1984
by a regional water company was assessed with the aim to impnee certainty about the
persistence of current benthic community patterns. A surve of 101 positions in 2014
identi ed spatially discrete benthic communities with aras of high and low diversity.
Habitat characteristics including sediment properties ath the proximity to a sewage
outfall explained 17-35% of the variation in the communitytsucture. Comparing the
historical information from 1984 with 2014 revealed strikig similarity in the benthic
communities between those years, not just in their spatial idtribution but also to a
large extent in the species composition. The 30-year-old fiormation con rmed spatial
boundaries of discrete species associations and pinpointg a similar diversity hotspot. A
group of ve common species was found to be particularly persstent over time Nucula
nitidosa, Spisula elliptica Spiophanes bombyx Nephtys hombergii Diastylis rathkel.
According to the Infauna Quality Index (IQI) linked to the EWater Framework Directive
(WFD) the average ecological status for 2014 was “moderatelfut 11 samples showing
“poor” and “bad” status indicated possible negative impacs of dredge spoil disposal.
Generally the study demonstrated the value of historical fiormation for assessing the
persistence of benthic community characteristics, while lso highlighting shortcomings if
raw data is lost and if the historical baseline does not re etpristine ecological conditions.
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Frontiers in Marine Science | www.frontiersin.org 1

August 2016 | Volume 3 | Article 141


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://dx.doi.org/10.3389/fmars.2016.00141
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2016.00141&domain=pdf&date_stamp=2016-08-12
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:r.m.callaway@swansea.ac.uk
http://dx.doi.org/10.3389/fmars.2016.00141
http://journal.frontiersin.org/article/10.3389/fmars.2016.00141/abstract
http://loop.frontiersin.org/people/168515/overview

Callaway Historical Data Reveal Persistent Benthos

INTRODUCTION 1984 Swansea Bay experienced changes in its anthropogenic use,
for example, a major sewage discharge was closed and relocated

Coastal infrastructure such as seawalls, breakwaterstii®§ in 1999 and some areas were used for mussel cultivation, and

impact marine ecosystem8(lleri and Chapman, 2010; Firth these activities had had measurable, localized impacts mthice

et al., 201p In recent years there has been growing deman@ommunities Gmith and Shackley, 2004, 2006ver the past

to build marine renewable energy devices, contributingtere decades the shipping channels to Swansea and Port Talbot ports

more infrastructure (Vilson et al., 2010; Binnie, 201L6In  as well as the River Neath were regularly dredged, and the

order to assess its environmental impacts developers have {igaterial was discarded at a spoil ground in the outer Swansea

carry out baseline surveys of the diversity and compositibn oBay areafigure 1).

benthic communities in the a ected are&r(anco et al., 2035 In 2014 the wider Swansea Bay area was Surveyed with a

However, these are just snapshots of the situation immeliiatesampling design similar to 1984, and the data was analyzed in

before construction and questionable long-term referesteges. the same way as reported yonneely (1988for the historical

Baseline surveys may be a ected by short-term natural impaci&udy. The raw data from 1984 had been lost, and hence

such as severe storms, extreme temperatures or UnUSU&lhB.VGrthe Comparison between 1984 and 2014 was limited to the

freshwater input due to heavy rainfall, or anthropogenic imsac gures and tables shown in the historic report. Fortunatefet

such as maintenance dredgingrfncke et al., 1998; Bolam author had applied several techniques which are still valicyod

et al,, 2010; Rangel-Buitrago et al., 2016; Robins et al).201including multivariate community analyses, but for the 2aiata
For the baseline to be a critical reference point it ought toadditional analytical tools were applied.

establish the long-term condition and patterns of the beathi  The objectives of this study were to

communities. Ideally, environmental monitoring data from . . . .

statutory bodies or scienti ¢ research can be consulted)dng- Identify current benthic communities in Swansea Bay,
term data is often scarce or non-existent or the spatial retmi charapterlze their spatial !dentlty and species comp05|.tmh a
is insu cient to serve as a suitable baseline. In those cases duantify the extent to which the benthic fauna was driven by
where present, historical information may provide a valuable habitat characteristics. - _ _

source of information. Marine historical ecology contrtea Compare current benthic community patterns with those 30
profoundly to our understanding of the coastal environment Y&ars ago. _ .
and is increasingly applied in long-term management and Assess _the _currer)t environmental status of the benthic
policy (Robinson and Frid, 2008; Engelhard et al., 2015 community with indicators accepted by the WFD.

Generally, historic data provides information on past bamdi

of biological and environmental parameters and enhances oyr

understanding of the e ects of anthropogenic disturbances OWATERIALS AND METHODS

marine ecosystems and the role played by humans in shaping o8tudy Area and Habitat

coastal habitatd ptze et al., 2006 Swansea Bay is a shallow embayment on the northern coastline

Currently the construction of a tidal lagoon is proposed forof the Bristol Channel (Wales, UK) with depth generafy
Swansea Bay (Wales, UK), a coastal area considered to be 20 m Ordnance Datum (ODPye and Blott, 20141t is exposed
“heavily modi ed waterbody” under the EU Water Framework to severe hydrodynamic forces due to strong winds and tides
Directive (WFD; 2000/60/EC) as a result of coastal protectiogenerated in the Bristol Channel, as well as North Atlantic
measuresKigure 1). Under the WFD Swansea Bay's predictedswells Qllan et al., 200p Swansea Bay is characterized by a
ecological quality is classi ed as “Bad Potential.” The psgmb complex patchwork of bottom substrat&¢llins et al., 1980
lagoon would exploit the tidal range to generate 320 MW usingdt consists of depositions of poorly sorted, consolidated glaci
bulb turbines and power 155,000 homé&qters and Aggidis, boulder clay (glacial till), pebbles and cobbles, sometimigsd
2016. The wall would be 9.5 km long enclosing 11.5 %m with unconsolidated mud and silt as well as mixed sand, silts
of foreshore and seabed. As part of the environmental impaand clays with associated peafai(ver and Bull, 1980 Marine
assessment (EIA) to inform the planning consent the developesediments in the eastern Swansea Bay area are mixed with re-
had to carry out a baseline survey, but long-term informatio distributed dredge spoils from the Swansea and Port Talbot
about the benthic communities in the area over recent desadelocks Culver and Bull, 1980; Shackley and Collins, )984
was sparse Harkantra, 1982; Shackley and Collins, 1p84 Generally, surface sediments are highly temporarily végiab
Suitable historical information for a long-term comparisafi  depending on storminess, with an increase in the proportion of
benthic communities was located in an unpublished reporsand and the exposure of relic gravel deposits after periods of
(Conneely, 1988 1n 1984 the regional water authority took 172 wave exposure and deposition of mud following calm weather
benthos samples throughout Swansea Bay to ful ll legislativé&Shackley and Collins, 198ANater quality is largely in uenced
requirements to protect the natural environment from adwers by the hydrology of three river catchments that serve Swansea
activities and the need to prepare a discharge policy; the ar@&ay. It is also in uenced by the historical and current inchiesl
bordering the bay was, and still is, heavily industrializetti  activity and associated di use and point pollution (surfacesva
there were a number of domestic sewage dischafgest{b etal., run-o) toward the eastern side of the bay. The main sewage
1980. The survey was a data treasure chest that could be useddatfall for the wider Swansea area is located in the centénef
assess long-term changes of benthic community patternseSininner bay Figure 1).
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FIGURE 1 | Swansea Bay study area, Wales, UK (51.6197 N, 3.9311 W). Benthos grab-sampling positions in 1984 and 2014 are shown a well as the outline
wall of the proposed tidal lagoon, the sewage outfall and thelredge spoil disposal site.

Benthos and Sediments samples were air dried and passed through a series of sieves
In 1984 benthos samples had been collected in a2dampling from 2mm to 63mm according to the Wentworth-Udden
grid in the wider Swansea Bay area, and the same desigtassi cation scale to determine particle-size distribatid’he
was adopted in 2014; the reported gure of sampling pointssediment parameters mean grain siz§ Gorting ), skewness
in 1984 suggests that the 1Rngrid design was only partly (SK; and kurtosis K) were calculated with GRADISTATB(ott
realized Figure 1). Altogether 272 sites were visited in 1984, butand Pye, 2001
glacial till limited the number of successful faunal samples t Taking a single sample at each position without replication
176. At each position a single sample was taken. In 2014, 128owed using available resources to achieve a high résolut
positions were visited and more samples were taken closer o the spatial spread of sampling positions, but it carried the
shore compared with 1984, but fewer samples further o shoreisk that individual sites were not sampled representativély
due to logistical limitations. Bed rock, boulders, or lagfeells was therefore important not to place too much importance on
prohibited the jaws of the benthos grab to close at some paositio results of individual sampling points, but rather consider groups
and here sampling was unsuccessful. Successful benthos sampfesampling points and broader spatial patterns.
were retrieved at 101 positions.

Benthos samples were taken with the same G.Day grabin  Data Analysis
1984 and 2014. About 200 g of surface sediment were removed information of the 1984 study was taken froonneely
for particle size analysis, and the remaining sediment wahi@@ (1988) Scanned copies of key gures and tables in the report are
through a 1 mm sieve. The amount of sediment in each grabrovided as Supplementary Material S1.
sample varied between 3 and 10l. Benthic community parameters
were correlated with the amount of sediment per grab sampl€luster Analysis
to test for possible e ects of sediment volume on benthicin 1984 as well as 2014 groups of samples with a similar benthic
community results, but it had no statistically signi camhpact community were identi ed by cluster analysis based on Bray—
(DistLM, p > 0.05). Curtis similarities and group averagé&larke and Warwick,

The sieve residue was xed in 4% formaldehyde and stained00?). In order to down-weigh numerically dominant species, the
with Rose Bengal. All benthic species were sorted from théata wadn(xC1) transformed in both studies. For 1984 clusters
samples, identied to species level and counted. Sedimentere identi ed from the dendrogram shown i6onneely (1988)
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(Supplementary Material S1). For 2014 clusters were addiliipn variables as well as depth. Distance of each sampling position
analyzed by the “similarity pro le” (SIMPROF) permutation test to the mouth of the rivers Tawe, Neath, and Afan was entered
in PRIMER (Clarke et al., 2009 This explores the evidence as a proxy for exposure to freshwater. This was calculated as a
of statistically signi cant clusters in samples which ar@riori  cumulative factor weighed according to the size of the catfit:

unstructured. River Tawe 49%, River Neath 32%, River Afan 19%. The distance
to the sewage outfall was entered to quantify the impact of
Indicator Species of Cluster nutrient enrichment and point-source pollution. Before DisL

For the 1984 surveyConneely (1988)determined indicator regression was carried out a Draftsman plot was evaluated for
species of the sample clusters by a set of “pséuhsts” (Mirza  multi-collinearity and skewness of data. The Draftsman plot
and Gray, 198)l and the method was replicated for the 2014indicated strong correlations between some of the sediment
data. The test is “pseudo F” because it is applied to groups parameters, but was always below the usual cut-o point of
samples determined by cluster analysis and not to pre-de ned).95. Hence, all variables were entered into the model tlwas
independent sets of samples. Species that are signi cantkept in mind that inter-correlations may render some sedirnen
di erent between clusters in terms of abundance are congider characteristics redundant as explanatory factors. AIC wsesiu
useful discriminators between communities. There are piién as selection criterion since, unlike?, it will not necessarily
pitfalls of such an approach, such as violation of the undegyin continue to get better with increasing numbers of predictor
assumption of normality and multiple comparisons problems,variables in the model; a “penalty” term is included in AIC for
and therefore an increased chance of type | and Il errorsncreases in the number of predictor variablési{lerson et al.,
The pseudd--test is rarely used these days to identify specie®00§. Results of the DistLM were visualized by distance-based
that discriminate groups of samples. Instead, one of the mosedundancy analysis (dbRDA). A vector overlay was added to
widely used methods in benthic community studies is SIMPERthe ordination diagram of the dbRDA, with one vector for each
which examines the contribution of each species to the aeeragredictor variable.

resemblance between sample groupgdatke and Warwick, }

200). SIMPER additionally determines the contributions of Infaunal Quality Index (IQI): Water Framework

species to the average similarity within a group of samples argirective (WFD) Classi cation

hence identi es the Species that typlfyagroup’ this analys;sdo The IQI was developed to assess the eCO|Ogica| status of the
however, not identify discriminator species. macrobenthic invertebrate infaunal assemblages of sedime

For the 2014 data both methods, SIMPER and pseHedo habitats in UK coastal and transitional water bodies for thEV
test, were applied. Identifying indicator species by pseudo_(:PhiIIips etal., 2014 It is a multi-metric index that expresses the
tests and SIMPER was not directly comparable since SIMPEgeological health of benthic assemblages as an EcologiedityQ
contrasts pairs of clusters, while pseudo-F compares allezhist Ratio (EQR). It is composed of three individual components:
simultaneously. It was however possible to broadly asseA<T! Marine Biotic Index (AMBI), Simpson's Evenness (1};
the resemblance of the species identied by the methods &&d number of taxa (S). To ful ll the requirements of the WFD,

discriminator species. the 1QIlyv incorporates each metric as a ratio of the observed
value to that expected under reference conditions. For esiees
Inverse Classi cation conditions sediment properties were entered for each sample.

Associations of species with similar spatial distributionreve Salinity was standardized to 28 for positions closest to rj\@ts
identi ed by inverse classi cation for 1984 and 2014. Twoaips ~ for other positions in the inner Bay and 32 in the outer bay $out
are thought of as similar if their numbers tend to uctuate in ©f Mumbles Head:; salinities were averaged from data proviged b
parallel across site§.onneely (1988had performed an inverse Natural Resources Wales.

cluster analysis based on Bray-Curtis species similarities The 1QI was calculated as
reported the species associations for 1984, and the sameianalys 0o 0 11
was carried out for the 2014 data. The Sgrenson Index was 1 AwBl
calculated between species association identi ed for 1984 a IQly;y D %%,0.38 @—L—A
2014 to assess the similarity between them over time. 1 ==

0 1
Link with Environmental Variables 1 1° !
The extent to which habitat characteristics could explaie th c@.o8 ——H— A
multivariate community structure found in 2014 was explored Ref
by distance-based linear models (DistLM). The routine adow 0 1 1
analyzing and modeling the relationship between a muliatar s 01
data cloud, as described by a resemblance matrix, and one or C @054 Seet A 0-‘& =0.6

more predictor variables®(nderson et al., 200PERMANOVAC

for PRIMER software). DistLM provides quantitative measures

and tests of the variation explained by the predictor varighildie  The resulting EQR ranges from an ecological status “Higld’ (n
sediment properties mean grain size),(sorting §), skewness or very minor disturbance) to “Bad” (severe disturbaniekillips
(SR, kurtosis K), % coarse sand and silt/clay were included ast al., 201} It was calculated with the 1QI Calculation Workbook
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TABLE 1 | Diversity and abundance (0.1 m 2) within clusters delineated by
hierarchical cluster analysis for the 2014 benthos survey in Swansea Bay

(Figure 2).
Species richness S Abundance N Evenness J°
mean SE median  SE mean SE
Cluster 1 73 07 22 129 0.8 0.1
Cluster 2 26.2 15 115 115 0.8 0.1
Cluster 3 3.2 06 14 43 09 0.1
Cluster 4 47 0.8 5 3.0 09 10
Benthic Cluster 5 72 11 10 25 09 09
Cluster 6 46 1.2 8 34 09 0.1

Clusters
oA

B

|
o o0

with cluster 1 Table 1). While clusters 1 and 2 had several species
in common these were still discriminating the clusters since
most species were more abundant in cluster 2, exidepitidosa
and D. rathkei Additionally encrusting, sessile, tube-dwelling
polychaetes, sipunculids, and phoronids, as well as fully rearin
species such as the brittle s@phiura ophiuracolonized the area
grouped as cluster 2 (SIMPERgble 2.

The third cluster was located inshore, characterized bycglpi
lower intertidal to shallow subtidal species such as amphipods
of the genusBathyporeiaand Nephtys caecdTable 2. All
other clusters did not have a discrete spatial identity buteve
interspersed within the other clusters. They were charazzelri
by low numbers of species, which were sub-sets of the three othe
clusters; cluster 4 additionally containdikphtys cirrosacluster
5 the polychaetelslagelona mirabilisnd Owenia fusiformis

The spatial identity and distribution of the clusters was samil
to 1984 Figure 2): cluster 1 in 2014 and cluster D in 1984 both
covered the eastern side of Swansea Bay; cluster 2 in 2014 and

6
Outliers
0 Rocky ground

FIGURE 2 | Benthos associations in Swansea Bay delineated by

hierarchical cluster analysis based on Bray-Curtis similar  ities between cluster C in 1984 were located o Mumbles Head; cluster 4 in
samples. The 1984 map was adapted from a gure reported byConneely 2014 was found in similar areas to cluster A in 1984. In 1984
(1988) (Supplementary Material S1). samples had not been taken as far inshore as in 2014 and there

were hence no sample positions that could be compared with
cluster 3in 2014. In 2014 too few samples were taken in o -shore
UKTAG v.1: update 11/03/2014, which is freely available froent areas to make a meaningful comparison with the area of the 1984

WDF UKTAG webpage. cluster B.
There was considerable resemblance in the species
RESULTS composition of individual clusters between 1984 and 2014.
Based on the pseude+test table published ittonneely (1988)
Benthic Communities the two studies had 26 species in commdalfle 3; Conneely

For the 2014 study 188 benthic species were identi ed froni1988)reportedF-tests for 40 species but the full species list was
101 infauna grab samples. The multivariate benthic comnyunitnot published for the 1984 study. It was therefore not posdible
analysis comparing all samples classi ed 21 clusters, argktheidentify the exact number of common, missing and additional
were grouped into six broader clusters of samples (SIMPROF tespecies between studies. Of the 26 species recorded in 1984 as
based on Bray-Curtis resemblance matrix). The similarithiw  well as 2014, 16 had signi caftvalues in both studies, and 12
each of the six clusters was 23-38% (SIMPER). species were found in highest numbers in matching clusters.
Cluster 1 covered most of the eastern side of Swansea BaySimilar to 2014, in 1984 the cluster at the eastern side of
(Figure 2). 1t was characterized by typical ne-sand speciesSwansea Bay was characterizedNoyhombergii N. nitidosa
such as the bivalves. nitidosaand S. ellipticathe polychaetes D. rathkei,and S. elliptica Also, the largest number of species
S. bombyxandN. hombergiias well as the cumacBarathkei. was reported for the cluster C o Mumbles Head; 32 of the 40
Cluster 2 at the western side of Swansea Bay o Mumblemdicator species had highest abundances in clustefablé 3
Head was the most biodiverse cluster with almost four times aapprox. cluster 2 in 2014). These were mostly polychaetes, tube
many species and ve times the number individuals comparediwelling species or sessile species sudlyaitus edulisNephtys
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Species Associations
Inverse cluster analysis identied 5 species associations in
1984 (Conneely, 1988and 10 associations in 2014. Several

TABLE 2 | Discriminating species between the main groups of samp les of
the 2014 benthos survey in Swansea Bay (SIMPER).

X SE Dissimilarity/ Contr. to A . .
sD dissimilarity % associations had common species in 1984 and 20ali¢ 4).
The greatest similarity (Sgrensen Index) was found for the
Cluster 1 Cluster 2 Nucula-association N. nitidosa S. elliptica D. rathkej N.
Ophiura ophiura 02 01 98 40 1.6 47 hombergii,and S. bombyk The species were mostly found in
Nephtys hombergii 3.7 0.6 158 25 15 46 the eastern half of Swansea Bay and o Mumbles Head, broadly
Nucula nitidosa 167 6.4 129 4.4 1.4 43 coinciding with sample clusters 1 andRigures 2 3).
Pomatoceros - 6.6 29 1.6 4.0
lamarckd Link between Environment and Benthos
QF;TﬂsiChaeta - o7 41 10 39 Distance-based linear models (DistLM) allowed quanti cati
Lumbrineris gracls 01 01 22 14 12 as of thg degree to Whlch one or more enqunmental pgrameters
o i explained the benthic community structure in 2014; this gsé
Amphicteis gunneri - 46 1.6 1.3 33 .
Diastylis rathkei 30 05 02 02 L ” could not be_ carried out for the 1984 suryey. The oyerall best
model explained 35% of the resemblance in species richness and
Cluster 1 Cluster 3 contained ve variables (S: depth, mean grainsize, sortig,
Nephtys caeca _ 56 24 13 126 coarse sediment and distance to sewage outfall). Of altenhte
Nucula nitidosa 167 64 _ 1 10.9 var@at?les “distance to the sewage outfal_l" explained mosgtef
Diastylis rathkei 30 05 B 1.0 10.2 variation (6.3%n D 101,p. D. 0.0032) in the data. Th<=T b_est
Nephtys hombergii 3.7 0.6 _ 11 63 model for.the Nucu!a-assouatlon explained 22% o.f the viawat
Spiophanes bombyx 111 85 22 16 0.9 77 and consisted Of_SIX factors: (_jepth, mean grainsize, _sor%\g
Owenia fusiformis 02 01 08 23 08 8 coarse sand, % sﬂt/cla;_/, and distance sewage outfalljdiodily
) sediment sorting explained most of the variation (5.598) 79,
Bathyporeia - 18 11 0.7 5.4
pelagica p D 0.0018).
Spisula elliptica 37 13 _ 08 48 For the entire multivariate benthic community matrix
Atylus falcatus 16 05 _ 0.6 42 containing all species, each of the entered explanatoryhlaga
Bathyporeia elegans _ 18 02 0.6 3.0 was mdmdually a _statlstlcally signi cant predictor of the
multivariate community structurer( D 101,p < 0.005 for
Cluster 1 Cluster 4 each variables), each explaining 2.6-5.6% of the variatitimei
Nucula nitidosa 16.7 6.4 - 1.1 12.2 benthic community (Supplementary Material S2). The overall
Diastylis rathkei 30 05 02 02 0.9 11.2 best model explained 17% of the variation and contained ve
Nephtys hombergii 3.7 0.6 02 02 11 9.2 factors: mean grainsize, sorting, % coarse sand, distases@ge
Nephtys cirrosa 04 02 17 03 1.2 8.8 outfall, and distance to rivers. Individually sediment tiog
Spiophanes bombyx 111 85 25 2.0 1.0 6.8 explained most of the variation (5.6%,D 101,p D 0.0001);
Atylus falcatus 16 05 06 02 0.8 6.1 distance to the sewage outfall explained 2.5% of the vamiatio
Spisula elliptica 37 13 02 01 08 57 (n D 101,p D 0.001), and distance to rivers 2.4% D 101,
Glyceratridactyla 07 0.2 08 02 10 51 p D 0.0023). The model is illustrated ifigure 4 where the

dbRDA ordination of the benthic community is superimposed
by explanatory variables. The dbRDA plot broadly groups the
samples similar to the cluster analysis, at least for clustér 1.
ought to be noted that the dbRDA shows just 63% of the tted
variation and therefore captures only part of the model.

Groups were delineated by hierarchical clustering based on Bray-Gtis sample
similarities. Cluster 1 (nD 46) eastern Swansea Bay; Cluster 2(D 9) western side of
Swansea Bay off Mumbles Head; Cluster 3 (D 6) inshore areas; Cluster 4 (rD 18);
Figure 2 ; mean densities per 0.1 n? are shown for clusters.

cirrosawas the indicator species in the species-poor cluster A in .
1984, which matched cluster 4 in 2014. Infaunal Quality Index (IQI): Water

In comparison with 1984 the mean abundancélohombergii  Framework Directive (WFD) Classi cation
was lower on the eastern side of Swansea Bay in 2014. Cdgyers€he majority of samples indicated “moderate” or “good”
the average density bf. nitidosawas higher in areas 0 Mumbles environmental status according to the WFD classi cation
Head in 2014 compared with 1984; however, the specie@rigured. The IQI in the inner bay was 0.61 0.08 (mean
distribution was generally patchy and standard deviatiomsen sd,n D 45) and 0.56 0.15 in the outer bay (mean
high (Table 2 Figure 3). The di erence inF-values for individual sd,n D 56). Both, the outer and inner Swansea Bay fell
species in 1984 and 2014 supports that mean abundancesiimo the ecological status category “moderate.” In the mipay
clusters di ered between the studies. Further, some spe@es w one sampling location in the vicinity to the sewage outfall was
relatively abundant in the 2014 survey but were not reportealassi ed as “poor.” Eleven samples classi ed as “poor” or “bad”
for 1984, such as the polychaefgphelochaeta marionbr  according to the WFD were in proximity to the spoil disposal site
O. ophiura in the outer Swansea Bay aré&agure 1).
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N.hombergii
S.bombyx
N.nitidosa

S.elliptica

o> o4

D.rathkei

FIGURE 3 | Distribution of species recorded in 1984 and 2014 w  hich were identi ed by inverse classi cation as an associat ion with similar spatial
trends in both studies. The size of symbols represents the relative abundance of spees in the 2014 study.

DISCUSSION that allows for temporal variation in an ecological systerialih
remains essentially the same over time; in contrast, theter
Over the paSt decades some benthic communities along:onstancy” describes asystem that Stays unchanged_
European coasts changed markedly in response to sea-levelin 1984 as well as 2014 a biodiversity hotspot was identi ed
rise, invasive species or eutrophication, while others reeti in an area further o-shore in mixed sediment and rocky
relatively unchangedHinz et al., 2011; Schumacher et al., 2014grounds o Mumbles Head, a carboniferous limestone headland
Singer et al., 20)6The benthos of the urbanized Swansea BayFigure 2, Table ). Reasons for the diversity-promoting
in South Wales (UK) showed strong resemblance in 1984 ancbnditions in that area were not obvious. Tidal ow veloesi
2014, despite changes in anthropogenic use during the paate exceptionally high around Mumbles Head where they
decades. This study provided evidence of striking simiksitn are enhanced by an anticyclonic gyre, and generally tidal
the species composition and spatial mosaic of the benthic fauneurrent speed and species richness are negatively corretated
Since the two surveys were 30-years apart it is possible that teedimentary habitats\(arwick and Uncles, 1980; Rees et al.,
communities experienced changes during the interveningsyea 1999; Pye and Blott, 20J.4However, the current speed may
However, published records from before 1984 tie in well whth t not be the direct challenge for benthic species but rather the
surveys described here, which suggests that the resultsiotay associated sediment movement/¢rwick and Uncles, 1980
re ect ephemeral conditions but relatively persistent conmity It is possible that o Mumbles Head high current velocities
patterns {Varwick and Davies, 1977; Harkantra, 1982; Shacklegoincide with relatively stable substratum due to its mixedure
and Collins, 198y Still, given the uncertainty regarding the of glacial deposits and marine sediments with low sediméurat
nature of the community during the intervening 30 years therates Pye and Blott, 2004 This provides hard substratum and
term “persistence” is used senserimm and Wissel (1997) environmental conditions suitable for sessile species vabie
According to their de nition “persistence” is a stability pperty  to sedimentation and erosion. Further, tidal currents tsport
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TABLE 3 | Indicator species of sample clusters in 1984 and 2014 (Figure 2) determined by pseudo F-test.

1984 2014
F-value A B C D F-value 1 2 4

Nephtys hombergii 57.8 0.1 2.3 4.9 13.3 11 2.6
Lumbrineris gracilis 56.2 1.3 0.1 16.5 0.1 1.3
Nephtys cirrosa 52.7 2.0 0.3 0.1 0.1 9.8 0.2 0.9
Pomatoceros lamarcki 48.0 0.1 15 245 15
Cirriformia tentaculata 35.9 0.1 2.2 0.1 0.2@ 0.1

Notomastus latericeus 27.8 1.0 0.1 7.4 0.3 1.2
Protodorvillea kefersteini 22.4 0.5 5.8 0.1 0.7
Nucula nitidosa 211 0.1 0.1 3.3 9.6 15 2.2
Polycirrus sp. 17.8 0.1 0.3 12.5 0.1 0.9
Amphicteis gunneri 15.1 0.3 26.0 1.3
Gol ngia elongata 15.1 0.2 1.9@) 0.1
Phoronis sp. 12.4 0.2 0.1 1.1@ 0.1 0.2
Glycera tridactyla 11.9 0.1 0.9 0.1 0.9 0.3 0.2
Kefersteinia cirrata 11.9 0.2 1.9@ 0.2
Lagis koreni 9.3 0.2 0.1 0.3@ 0.1

Mytilus edulis 9.2 0.9 2.4 0.1 0.2
Sthenelais boa 9.0 0.3 0.1 10.2 0.6
Lepidonotus squamatus 8.4 0.2 3.8 0.4
Eumida sanguinea 7.8 0.2 0.3 1.9 0.1
Sabellaria spinulosa 7.4 0.3 0.3 4.2 0.5
Diastylis rathkei 7.1 0.1 0.6 9.4 11 0.1
Gattyana cirrosa 5.7 0.1 1.9@) 0.1
Scoloplos armiger 5.4 0.1 0.4 0.1 0.5@) 0.1 0.1
Gol ngia vulgaris 5.4 0.1 10.6 0.2 11
Urothoe brevicornis 5.2 0.2 1.6@ 0.1
Spisula elliptica 4.1 0.1 0.1 0.1 0.6 2.8 0.7 0.7

All tests signi cant (p< 0.05) except those marked witl®). F-values and means of In(x+1) transformed abundances are shown fopscies in clusters; only clusters 1,2, and 4 of the
2014 survey had indicator species in common with 1984 and are showmithis table. Clusters with similar spatial identities were A/4, C/2, and /.

large quantities of plankton from the inner bay area. Thisofav  1976; MarLIN, 201 Their distribution was signi cantly linked
suspension and Iter feeders and would explain the diverssgilges to sediment properties. Generally, benthic monitoring can be
polychaete fauna, including several tube-dwelling spesiegel  onerous because of the taxonomic expertise necessary tafydent
as sipunculids and phoronids, leading to higher diversity andarge numbers of invertebrate species, and it may be possible t
abundance than elsewhere in the bay. While overall commyunitspeed up the process by focusing on this group of species. This
patterns persisted over time, there was evidence of changesdauld provide a rapid indication of spatial change in the beathi
density of individual species. These ought to be interpretéld w community; it would though preclude conclusions about chasge
caution. In Swansea Bay densities of individual speciesgehanin biodiversity.
dramatically not just seasonally, but from month to month  Distance-based linear models indicated that the compasitio
and annually, and these are therefore unlikely indicatas f of the Swansea Bay benthic fauna was signicantly linked
long-term changesShackley and Collins, 1984; Conneely, 1988yith sediment properties, the proximity to rivers and the
Smith and Shackley, 2004, 2006 sewage outfall. The close relationship of benthic orgasism
In the 1984 and 2014 surveys a group of ve speciewith sediment characteristics has long been establiskiedy,
was prevalent: the bivalveN. nitidosa and S. elliptica the 1979, and in the Bristol Channel and Swansea Bay area faunal
polychaetedN. hombergiiand S. bombyxand the cumacead. associations were shown to be directly related to tidaligraged
rathkei were grouped as species that showed overlap in thebred shear stress, which provided evidence for the physicalaont
distribution (Figure 3). The species were found in both main of the benthic communities\{/arwick and Uncles, 19§0The
benthic clusters and occurred in large parts of Swansea Bayroad spatial pattern of sediment distribution remained ideat
They are adapted to living in mobile sediments and copingver the past 30 yearsi@rkantra, 1982; Pye and Blott, 2014
with erosion and sedimentation, and it seems plausible thatlowever, the 1984 and 2014 studies also highlighted that the
this group of species persisted over time because they c#éaditional method of grab sampling to assess benthic fauna
tolerate the rigor of the environment\glentin and Anger, and substratum may not be entirely appropriate for an area

Frontiers in Marine Science | www.frontiersin.org 8 August 2016 | Volume 3 | Article 141


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Callaway Historical Data Reveal Persistent Benthos

TABLE 4 | Similarity of species associations in 1984 and 2014 ( Sgrensen Index).
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1984
7 Diastylis rathkei

Nephtys hombergii
Nucula nitidosa
Spiophanes bombyx
Spisula elliptica
28 Lagis koreni 0.06 0.12 0.06 0.26 0.26
Cirriformia tentaculata
Scoloplos armiger
Glycera tridactyla
Gattyana cirrosa
Lepidonotus squamata
Lumbrineris gracilis
Protodorvillea kefersteini
Sabellaria spinolosa
Amphicteis gunneri
Gol ngia vulgaris
Notomastus latericeus
Polycirrus caliendrum
Pomatoceros lamarcki

6 Mytilus edulis 0.36 0.12
Phoronis muelleri
Kerfsteinia cirrata

3 Bathyporeia pelagica 0.67 0.25
Nephtys caeca
Urothoe sp.

Associations were determined for each year by inverse cluster ahgis based on Bray-Curtis similarities of In(x1) transformed abundances of species. Species jointly found in 1984
and 2014 are listed here; the total number of species in each clustes ishown above and in front of the 2014 and 1984 clusters of each species associatioThe darker the shading the
greater the similarity between associations.

with considerable glacial deposits, because the grab fails oxygen depletion Korja et al., 2009 However, while the
rocky grounds. The coarse glacial material was not samplatistance to the sewage outfall was a statistically signt taator
representatively and some of the unexplained variation in thexplaining 2-6% of the variation, it was generally part of a
data is likely to stem from ignoring the impact of rocky group of 5-6 habitat characteristics that best explaineddar
substratum. Our understanding of the benthic ecology inaare portions of the overall variation of the benthic community
with a mosaic of marine sediments and glacial till would imypeo  structure.
by applying additional methods such as dredging and undemvate ) )
video or stills. Further, the benthic models could be improvednNfauna Quality Index (IQI) and Ecological
by more detailed, high resolution information about safies  Status
in Swansea Bay. Distance to three rivers was a signi catrfac The EU WFD water body classi cation suggests that Swansea Bay
in explaining variation in benthic community characteristi has “bad potential,” partly because of possible constraintsén th
and it is possible that areas close to the rivers are at leagistribution of invertebrates due to coastal defense infragure
temporarily subjected to full estuarine conditiorisgathershaw and di use source pollution. This study showed that in 2014 the
and Hammond, 198D average ecological status of Swansea Bay fell into the oatego
The sewage outfall was also signi cantly linked with the‘moderate” in terms of its invertebrate fauna. The inner bay
benthic community composition, suggesting that this point-particular was predominantly classi ed as “moderate” or “gbod
source pollution aected the fauna. Invertebrates in heavilyecological statusF{gure 5). A single location in the inner bay
modi ed waterbodies in the vicinity of urban centers can bewas categorized as “poor.” The site was in close proximity to the
signi cantly impacted by an altered food chain, caused byurrent sewage outfall, which would be a plausible explanation
higher nutrient concentrations from domestic and induslri for the poor ecological statug(rja et al., 2006 However, since
sewage Huccinelli et al., 2006 This can translate into a this was just a single sample the result needs to be viewed
compromised ecological status, particularly if it is linkeal t with caution, and more replicate samples would be needed to
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FIGURE 4 | dbRDA ordination of the tted model for the benthic

community of Swansea Bay, based on Bray-Curtis similarities aft er
In(xC1) transformation of abundances.  Habitat characteristics signi cantly
linked to the variation in the data are superimposed.

verify the nding. Similar to the benthic community modelde
WED classi cation for the area would also bene t from more
accurate salinity data. The impact of salinity on multimetri
parameters is recognized and following from this the impodan
of geographical separation of areas according to environatent
conditions when implementing the WFD=(eischer and Zettler,
2009' This is however partICUIarly C_ha”eng_mg ina relatlvely_ FIGURE 5 | Water Framework Directive (WFD) classi cation of b enthic
small area such as Swansea Bay with spatially and temporafiljtayna in swansea Bay according to the Infauna Quality Index ( 1QI). It
widely uctuating salinities. is a combination index based on three individual componentsAZTI Marine
Eleven Samp|es from the outer bay indicated “poor" or “bad Biotic Index (AMBI), Simpson's Evenness (1—%, and number of taxa (S).
ecological status. A possible explanation is the vicinityhaf t
dredge spoil ground, used to discard material from maintesean
dredging of three shipping channels in Swansea Béyufe 1).
The spoils may either directly impact the benthic communitygenerally categorized as having high ecological statuss Thi
at the disposal site, or sediments may be transported over @ecluded extrapolation of the 2014 ecological status assess
wider area, explaining the west-to-east spread of sites witlh poto 1984: while the broad benthic community patterns may
ecological status. Dredging and spoil disposal generallgasgs have been similar in 1984 and 2014 it does not necessarily
turbidity, changes sediment composition and mobilizes toxidollow that the ecological status was similar too. Long-term
materials such as heavy metal&fmin et al., 201)i The nature studies of the sensitivity and robustness of benthic indicsat
of the impact of disposing dredge spoils on the benthic faun& natural variability suggested that multimetric paranrste
varies with site specic environmental factors such as waveuch as the 1QI will not just respond to anthropogenic
exposure and sediment dynamicBdberts and Forrest, 1999; impacts which they were designed for, but also to natural
Bolam et al., 2000 The management of dredging and disposalvariation and disturbance, for example cold winter events
of spoils would also be of relevance for new infrastructurend gradual changes in the climate regimérdncke and
projects, including the proposed Tidal Lagoon Swansea Baleiss, 2000 They are however more robust against seasonal
since maintenance dredging may be necessary after operatiand interannual variability than univariate diversity igs.
commences. With improving discharge management the riskky the 1984 and 2014 comparison of Swansea Bay both
decrease, butthere is considerable uncertainty about¢heddor  natural long-term change as well as changed anthropogenic
of dredge spoils, and the impact on the ecology of a ected aregwessure was intertwined. Had there been signi cant di eresc
merits closer investigation. in the benthic community structure, it would have been
There was little resemblance between the pattern of thehallenging to disentangle natural and anthropogenic e ects
WEFD ecological status classi cations and the benthic comityu  This highlights the importance of not only temporal reference
patterns identied by multivariate community analysis. For conditions, but also spatial reference staté%or{a et al.,
example, the biodiversity hotspot o0 Mumble Head was not2012.
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Although this study precluded analyzing temporal di erencesvariables a ecting the benthic community composition were
in ecological conditions, it seems plausible that the edoddg identi ed, much of the spatial variation in the fauna remathe
status may have changed over time in Swansea Bay. For exampieexplained. In order to improve models, more accurate
Conneely (1988suggested that the 1984 benthic fauna waand detailed information about freshwater input and salist
a ected by high concentrations of heavy metals in sedimentseeds to be generated. The impact of glacial till on the
from industrial and sewage dischargehubb et al., 1980In  benthic community needs attention, and this study suggeste
1999 the sewage treatment and discharge location was movitht for areas with a mosaic of marine sediments and
from the western bay to its current central positioRigure 1),  glacial deposits traditional sediment property measures ey b
triggering a shiftin benthic diversity from Iter-feeders leposit  poorer indicators of the hydrodynamic regime than elsewhere
feeders in the immediate vicinity of the old sewage pipsith  Direct values of current speed as well as wave exposure
and Shackley, 20D@-urther, the start of a commercial mussel layand sediment transport could improve the benthic models.
in the western bay led to a localized increase in carnivones a Since the proximity of the sewage outfall was a signi cant
deposit feeders, but also to an overall decrease in spediegss contributing factor in explaining benthic characteristigsvould
within the mussel bank§mith and Shackley, 200AVhile these be advisable to measure oxygen concentration in sediments
changes in anthropogenic use seem not to have altered thelbromore accurately as a possible explanatory factor linked with
community patterns over the past 30 years, they are likely @ ha nutrient enrichment. Importantly, this study suggests tegdge
changed the ecological status in pockets of Swansea Bay. spoil disposal may a ect the current ecological status of the

The historical use of Swansea Bay highlights that théenthic community, and future studies ought to focus on the
1984 baseline did not represent a pristine state at whicbehavior of dredge spoil disposals in the outer Swansea Bay
anthropogenic e ects could be considered to be negligiblén order to understand processes that may a ect the benthic
(Collins et al.,, 1980 We know, for example, that about fauna.

a century ago the area had thriving oyster bedhdckley The comparison with a 30 year old baseline removed

et al., 1980 Similar to other European stocks populationssome uncertainty about the temporal variability of the beath

declined through over shing, untreated sewage dischangayy communities and conrmed that current associations are

metal contamination and shell sh diseaska(ng et al., 2006 unlikely to be ephemeral but instead re ect persistent patterns

Despite improvements in water quality and the absence ofhe severe natural environmental conditions in this heavil

commercial oyster dredging for decades, the stocks have notodi ed waterbody appear to have overshadowed localized

recovered, and hence, the anthropogenic activities a cgntuchanges linked with anthropogenic use over the past decades

ago may have changed the system beyond natural recovewhen assessing the area on a larger spatial scale. Howewer, th

Further, coastal defense and infrastructure developmerihén 1984 baseline portrayed an already highly anthropogenically

bay severely modi ed the bay for over a century. Port Talboimpacted situation as a result of industrial activities foreo

Harbor or the Swansea Dockland/Tawe dredge channel crea#e century and did not represent a pristine ecological state.

surrogate headlands which a ect localized sediment movemerHistorical data are therefore not necessarily suitablestting

(Thomas et al., 20)5 This needs to be taken into account future targets regarding the environmental status and for

for environmental management, particularly when determgni  assessing if an area is as expected under prevailing corslition

targets and reference conditions. as required, for example, by the Marine Strategy Framework
Directive (MSFD, 2008/56/EC:uropean Commission, 2018
Such a task may be particularly challenging an areas such

CONCLUSIONS as Swansea Bay, which have been subjected to century-long
anthropogenic impact.

This study provides further evidence of the value histordztia

can add to marine and coastal management, particularly if th&© ATA ACCESSIBILITY

repeat surveys are standardized to the historic methodcéogly

complemented with contemporary techniques. On balance thighis paper highlights the importance of data accessibility and

approach maximizes the power of the comparison, although ithe author strongly supports public availability of raw dataeT

may not capitalize on all currently available survey teche data of this study will be made publically available through

While this study emphasized the opportunities of historicalan appropriate public archive once the paper is accepted for

data, it also grappled with limitations of using sub-standardpublication.

information. The aspiration remains to determine meanirigfu

reference conditions or baselines that can be repeated ti raAUTHOR CONTRIBUTIONS

change Borja et al., 2012 Generally this study highlights the ) ) )

importance to store raw survey data and make them availab/Eh€ author con rms being the sole contributor of this work én

for future research in public archives. For the development oftPProved it for publication.

an infrastructure project such as the tidal lagoon in Swansea

Bay this study oers a baseline of spatial benthic diversitFUNDING

patterns and provides information about key species and their

relationship with the habitat. While signi cant environmél  The study was part-funded by the EU ERDF project SEACAMS.
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